I. Introduction
Gas-phase ion techniques have been a very useful tool for generation and characterization of reactive transition metal species. 1 For instance, studies of the reactions of atomic transition-metal ions with hydrocarbons in the gas phase have provided insight into the mechanism and energetics of such reactions. 2 The reactions of the Ti + , V + , Cr + , Fe + , Co + , and Ni + ions with methylsilanes have recently been reported. 3 Very recently, iron cationic FeSiCH 4 + species have been generated and characterized in a series of gasphase Fourier transform mass-spectrometric (FTMS) experiments by Jacobson and co-workers. 4, 5 The nature of the FeSiCH 4 + cations generated in these experiments was examined by methods such as collision-activated dissociation (CAD) and ion/molecule reactions, including isotopic exchange reactions. On the basis of the FTMS experiments, 4,5 the existence of two distinguishable and stable isomers of the FeSiCH 4 + cation was inferred, and the formation of an iron-silene (Fe + :CH 2 dSiH 2 ) and an iron-silylene (Fe + :CH 3 SiH) species was suggested. Another important conclusion drawn by Jacobson and co-workers 4, 5 was that no rearrangement between the two FeSiCH 4 + isomers occurred under the experimental conditions. An implication of this observation was the existence of a high energetic barrier of ca. 40 kcal/mol separating the two isomeric forms of FeSiCH 4 + . Note that this estimate of the barrier height coincides with the magnitude of the barrier predicted earlier for the unimolecular rearrangement of the singlet silene H 2 SiCH 2 to the singlet methylsilylene HSiCH 3 isomer of SiCH 4 (vide infra).
In the light of the ongoing gas-phase experiments of Jacobson and co-workers 4,5 we have undertaken a theoretical ab initio study of the reaction of Fe + with H 2 SiCH 2 leading to the formation of the FeSiCH 4 + products. Several questions are of interest here:
(1) What are the actual molecular structures of the two isomers of FeSiCH 4 + observed experimentally? The experimental techniques mentioned above could only distinguish between them but provided no structural parameters.
(2) What are the relative energies of the two distinguishable FeSiCH 4 + isomers and the transition state connecting them, i.e., the species involved in the interconversion process. These theoretical data will make it possible to estimate the barrier height associated with the isomerization in question. The experimental estimate 4,5 of the barrier is only approximate; thus, sophisticated ab initio electronic structure methods such as those used in the present work, and described below, should provide valuable insights.
(3) What is (are) the low-energy pathway(s) for the Fe + + H 2 SiCH 2 reaction, resulting in the formation of the stable FeSiCH 4 + cations?
(4) What is (are) the spin state(s) of the FeSiCH 4 + products? There is no experimental information concerning the spin state for the observed FeSiCH 4 + species. Due to the extremely small energy separation between the ground electronic state of Fe + ( 6 D) and its first excited state ( 4 F) (vide infra), one has to explore both the high-spin sextet and the low-spin quartet potential energy surfaces for the reaction of Fe + with H 2 SiCH 2 . We are not aware of any previous theoretical studies on the reaction of silene with transition metal cations.
II. Theoretical Methods and Computational Details
Three levels of theory were employed here, differing in the quality of the basis sets used and the electron correlation method applied. All structures were verified to be minima or † 7, 8 Henceforth, we will refer to the resulting ECP and basis set combination as ECPDZV. The structures were gradient optimized within the appropriate symmetry, followed by single point calculations using the second-order Møller-Plesset (MP2) 9 perturbation theory with spin projection (PMP2). 10 To ensure that the electronic configuration leading to the lowest PMP2/ECPDZV energy was chosen, geometry optimizations with several alternate occupations of the starting molecular orbitals were performed for each structure. The UHF-based calculations were carried out with GAUSSIAN92. 11 B. CASSCF Geometry Optimizations. On the basis of the preliminary explorations of the potential energy surfaces described above, selected portions of the sextet and quartet surfaces for the reaction Fe + + H2SiCH2 were next explored using the complete active space self-consistent-field (CASSCF) multiconfigurational wave functions. 12 The ECPDZV basis set described above was utilized for this purpose. The CASSCF wave function accounts for near-degeneracy correlation effects, which are frequently important in compounds containing transition metals. 13 In the choice of the relevant active spaces, the molecular orbitals corresponding to bonds that are described adequately at the HF level and are not involved in the current step of the reaction were omitted. 14 The active spaces employed in the CASSCF calculations for the various species are indicated in Table 1 . Note that the core carbon 1s atomic orbital was not correlated, since it is doubly occupied in every configuration state function (CSF). All the CASSCF/ECPDZV structure optimizations were carried out with the GAMESS code.
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C. CASSCF-CASPT2 Energy Calculations. The dynamic correlation effects were treated using multiconfigurational second-order perturbation theory, CASPT2, 16 in which a CASSCF type wave function is employed as a reference function. It has been suggested 17 that the CASPT2 method may be an effective alternative to the multireference configuration interaction (MRCI) technique, especially for larger systems.
All-electron valence triple-plus polarization basis sets were utilized in the combined CASSCF-CASPT2 calculations to provide the final energetics. For Fe, we used the [10s6p] contraction of the (14s9p) primitive functions of Wachters 18 and the [3d] contraction of the (6d) primitive basis taken from the work of Rappé et al. 19 This basis set was supplemented with two sets of p functions (R ) 0.231 and R ) 0.0899). 15 The final basis set for Fe was of the form (14s11p6d)/[10s8p3d] and was used in conjunction with the polarized valence triplebases for the Si, C, and H atoms. For Si, this was the [6s5p] contraction derived by McLean and Chandler 20 from the (12s9p) primitive set 21 and supplemented with a single set of d functions (R ) 0.395). For C, we used the [5s3p] contracted basis developed by Dunning 22 from the (10s6p) primitive functions 8 and augmented by a set of d functions (R ) 0.72). Similarly, for H, the [3s] basis derived 22 from the (5s) primitive set 8 and augmented by a set of p polarization functions (R ) 1.0) was utilized. Hereafter, the resulting basis will be referred to as TZV+P.
The CASSCF wave functions created with the TZV+P basis and employed as reference functions in the CASPT2 calculations were constructed in the same way as those using the ECPDZV basis. Here, the Ne core of Si and Ar core of Fe, as well as the carbon 1s orbital, were not correlated. The CASSCF-CASPT2 calculations were performed by means of the MOLCAS-2 package 23 and assuming the CASSCF/ECP-DZV structures.
III. Results and Discussion
The CASSCF-optimized structures of the singlet H 2 SiCH 2 and HSiCH 3 isomers of SiCH 4 are depicted in Figure 1 . Figures 2-4 show the CASSCF structures of the low-lying sextet and quartet states of the FeSiCH 4 + species, and Figure 5 reveals the transition states involved in the isomerizations considered. Finally, the CASSCF and CASPT2 total and relative energies of Fe + ( 6 D), Fe + ( 4 F), H 2 SiCH 2 , HSiCH 3 , and various FeSiCH 4 + species, as computed using the TZV+P basis set, are reported in Tables 2-4. A. Reactants. Closed-shell singlet silaethylene H 2 SiCH 2 and methylsilylene HSiCH 3 have been proposed 24,25 to be the most stable isomers of SiCH 4 . The two isomers have been the subject of considerable theoretical interest, focused on comparing their thermodynamic stabilities and estimating the magnitude of the barrier to the 1,2-hydrogen migration separating them. 24, 25 The ab initio calculations conclude that singlet silaethylene and singlet methylsilylene lie close in energy. The best estimate of the respective energy difference is 3.6 kcal/mol, with silaethylene found to be more stable. 24b There is a substantial 40 kcal/mol energy barrier to the 1,2-hydrogen shift from silaethylene to methylsilylene. 24fgh,29
Our CASSCF-optimized structures of silaethylene and methylsilylene (Figure 1 ) agree well with those computed earlier using comparable basis sets; 24f the main difference is longer Si-C bonds in the CASSCF structures due to the contribution from the antibonding orbitals to the wave function. The Si-C bond in methylsilylene is substantially longer than its silaethylene counterpart, by 0.21 Å, due to the stronger (double) bond in silaethylene. The relatively long Si-H bond in HSiCH 3 (1.523 Å) is similar to that in the parent SiH 2 ( 1 A 1 ) as computed with the comparable basis set. 35 In accordance with the previous theoretical studies, 24 ,25 the CASSCF-CASPT2 energy calculations reveal that the two SiCH 4 isomers are very close in thermodynamic stability. The CASSCF energy separation of 7.0 kcal/ mol drops to 1.1 kcal/mol at CASPT2, with H 2 SiCH 2 found again to be the more stable isomer (Table 2) . Thus, the CASSCF and CASPT2 energy differences bracket the value of 3.6 kcal/mol derived from the highquality single-configuration-based ab initio calculations. 24b It is known from experiment 26 that the second reactant, Fe + , has a 6 D (4s3d 6 ) ground electronic state, with the first excited state, 4 F (3d 7 ), lying only 5.3 kcal/mol higher in energy.
Our CASSCF calculations (Table 2 ) predict the correct order of the two states, but the corresponding 6 D-4 F splitting of 37.9 kcal/mol is only slightly less than the ROHF value of 38.7 kcal/mol. 33 This is due to the modest configurational mixing at this level of theory and (21) not recovering the full dynamic correlation effects. 27c,d Inclusion of the CASPT2 dynamic correlation with the TZV+P basis leads to an overshoot of these effects. The resulting splitting reduces to 0 kcal/mol; thus, the quartet is now overstabilized by 5.3 kcal/mol with respect to experiment ( Table 2) .
One CASSCF-CASPT2 calculation for both states of Fe + was performed with the TZV+P basis augmented by a set of f functions (R ) 1.663), 31 since the latter are known to be important in calculations of this type. 28 Unfortunately, the use of this "extended" iron basis was prohibitive in the CASSCF-CASPT2 calculations of the FeSiCH 4 + quartet states. Inclusion of f functions reduces the 6 D-4 F separation by 7 kcal/mol at the CASSCF level. Adding the CASPT2 correlation with the "extended" basis leads to an absolute deviation from experiment by only 0.5 kcal/mol ( Table 2 ). The reproduction of the 6 D-4 F separation for Fe + by ab initio MO methods is a challenging problem. b,37,38 Large basis sets are required to reproduce the experimental splittings in the first-row transition metal neutrals or cations. 17a,27,28,33,37 Also, in the multiconfigurational wave function based calculations of the splitting, the use of large active spaces, especially including a second 3d shell, might be necessary. 17a,37 The recent estimates by Musaev and Morokuma 37 and Ricca et al. 33 are 7.5 and 8.3 kcal/mol as obtained at the MR-SDCI (with ECP) and CCSD(T) (all electron) levels, respectively. Thus, the very good agreement with experiment obtained here may be somewhat fortuitous.
B. Preliminary Mapping of the Potential Energy Surface of FeSiCH 4 + . Initially, an extensive mapping of the sextet and quartet potential energy surfaces of FeSiCH 4 + was accomplished by using the methods described in subsection II.A. For this purpose, a number of geometrical structures of FeSiCH 4 + were studied. The major goals of this preliminary study were to (i) establish the candidates for the FeSiCH 4 + isomers observed experimentally 4,5 and (ii) provide the starting geometries for the multiconfiguration-based calculations specified in subsections II.B. and II.C. The isomers described in detail below in subsections III.D and III.E were by far the most stable FeSiCH 4 + isomers found from the preliminary calculations for both sextet and quartet multiplicities. (Figure 3 ). Of course, the structures shown in Figure 3 may also be formed directly from the separated reactants. The molecular structure and the relative stability of the resulting isomers depend chiefly on the Fe + electronic state.
On each sextet surface, an open type isomer H 2 Si-CH 2 Fe + is formed. These open structures, 6 A′ (3a) and 6 A′′ (3b), exhibit a long C-Fe distance of about 2.50 Å, a slightly elongated Si-C bond (by 0.02 Å with respect to isolated H 2 SiCH 2 ), and a slight bending of the CH 2 moiety out of the original molecular plane. These findings suggest that the bonding in sextet H 2 Si-CH 2 Fe + is strongly electrostatic in origin, 32a although there is clearly some covalent contribution, since the positive charge on Fe is now only +0.7. 32c The CASPT2 calculations predict the lowest state of H 2 Si-CH 2 Fe + to be 6 A′ (3a), lying 34.9 kcal/mol below the respective reactants Fe + ( 6 D) + H 2 SiCH 2 , with the 6 A′′ (3b) state being only 0.1 kcal/mol less stable (Table 4) .
In the quartet states, the Fe + -H 2 SiCH 2 repulsion is smaller (because the 4s orbital of the cation is empty); 30 thus, the Fe + interaction with the ligand is stronger. Here, insertion of Fe + into the π bond of silaethylene occurs to form a three-membered ring as in 4 A′ (4a) and 4 A′′ (4b). In the resulting cyclic type isomer (H 2 Si-CH 2 )Fe + , the C-Fe bond distance of 2.11-2.12 Å is much shorter than that in the open isomer, a new SiFe bond of 2.56-2.61 Å is formed, and the Si-C bond is lengthened significantly (by 0.07-0.11 Å) with respect to isolated silaethylene. Both quartet states of (H 2 Si-CH 2 )Fe + are predicted to lie appreciably lower in energy than their sextet counterparts (see below). The lowest state of cyclic (H 2 Si-CH 2 )Fe + is found to be 4 A′′ (4b), with the 4 A′ (4a) state lying only 3 kcal/mol higher in energy. The 4 A′′ (4b) cyclic isomer is stabilized substantially with respect to isolated reactants Fe + ( 4 F) + H 2 SiCH 2 , i.e. by 52.2 kcal/mol at the CASPT2 level of theory (Table 4) (Figure 4) , also referred here to as a "methylstructure". This hydrogen shift is accompanied by the iron migration to the silicon end, as the carbon atom is already saturated. The FeHSi-CH 3 + species can be viewed as arising from interaction of Fe + with the lone electron pair of methylsilylene as well. Both the Si-C and Si-H bonds of FeHSi-CH 3 + are shortened (strengthened) significantly relative to those in isolated methylsilylene in all the states studied (cf. Figures 1 and 4) .
As in the open/cyclic isomers, an important structural difference between the sextet 6 A′ (5a) and 6 A′′ (5b) states and quartet 4 A′ (6a) and 4 A′′ (6b) states of FeHSi-CH 3 + is the Si-Fe distance. It decreases significantly from 2.97 Å in the sextet states to 2.32-2.51 Å in the quartet states. 32b The CASPT2 calculations predict the ground state of FeHSi-CH 3 + to be a 4 A′′ (6b) state, consistent with its shortest Si-C (1.88 Å) and SiFe (2.32 Å) bond lengths among the states considered (Figure 4) . The next quartet state, 4 A′ (6a), is found to be only 3.7 kcal/mol higher. As in the open/cyclic isomers, both sextet states of FeHSi-CH 3 + are higher in energy than the quartets; the lowest sextet state is predicted to be 6 A′′ (5b) located 9.8 kcal/mol above 4 A′′ (6b) but only 0.3 kcal/mol below the 6 A′ (5a) state. 4 A′′ (6b) is stabilized considerably relative to isolated reactants Fe + ( 4 F) + H 2 SiCH 2 , i.e. by 44.7 kcal/mol at the CASPT2 level (Table 4) . On the sextet potential energy surface the stabilization is less pronounced, with 6 A′′ (5b) lying 34.9 kcal/mol below isolated Fe + ( 6 D) + H 2 SiCH 2 .
The cyclic/open and methyl structure isomers are the most stable FeSiCH 4 + isomers found in this work. We now turn to the following question: What is the barrier height to the 1,2-hydrogen migration separating them? The magnitude of this barrier is important in identification of the two distinguishable FeSiCH 4 + isomers observed experimentally. 4, 5 F. Barrier between the Cyclic/Open Structure and Methyl Structure. The transition state (TS) for the interconversion between the open isomer and the methyl structure on the sextet potential energy surface, 6 A (7), and the TS connecting the cyclic isomer with the a References 4 and 5. b The barrier to the 1,2-hydrogen shift from H2Si-CH2Fe + (3a) to FeHSi-CH3 + (5b). c The barrier to the 1,2-hydrogen shift from FeHSi-CH3 + (5b) to H2Si-CH2Fe + (3a). d The barrier to the 1,2-hydrogen shift from (H2Si-CH2)Fe + (4b) to FeHSi-CH3 + (6b). e The barrier to the 1,2-hydrogen from FeHSi-CH3 + (6b) to (H2Si-CH2)Fe + (4b). Si-CH 2 Fe + 6 A′ (3a) and methyl structure FeHSi-CH 3 + 6 A′′ (5b) and between cyclic (H 2 Si-CH 2 )Fe + 4 A′′ (4b) and methyl structure FeHSi-CH 3 + 4 A′′ (6b) (bond lengths in Å, bond angles in deg). methyl structure on the quartet surface, 4 A (8), are depicted in Figure 5 . In the two TS's of no symmetry, both the hydrogen being transferred and iron are at the silicon end. Thus, the H and Fe migrations appear to be asynchronous (cf. Figures 4 and 5) . Once more the quartet structure (8) shows a much shorter Si-Fe bond length (2.58 Å) than the sextet structure (7) (2.93 Å).
The 6 A TS (7) is predicted to lie 7.2 kcal/mol above the Fe + ( 6 D) + H 2 SiCH 2 reactants at the CASPT2 level, indicating that there is a net barrier for the reaction on the sextet potential surface. The 6 A TS (7) is found to be 42.0 kcal/mol above the open 6 A′ (3a) isomer. In contrast, on the quartet surface, the 4 A TS (8) is found to be 1.8 kcal/mol below the Fe + ( 4 F) + H 2 SiCH 2 reactants, suggesting no net barrier for the reaction. The CASPT2 barrier height for the cyclic 4 A′′ (4b) f methyl structure 4 A′′ (6b) interconversion via the 4 A TS (8) of 50.5 kcal/mol is 8.5 kcal/mol higher than that for the corresponding rearrangement on the sextet surface (see Table 4 and Figure 5 ). Both interconversion barrier heights are of the order of magnitude of that predicted for the silaethylene f methylsilylene isomerization 24f,g,h,29 and correspond nicely with the experimental estimate for the [FeCSiH 4 +] isomerization barrier. 4,5
IV. Conclusions
The open H 2 Si-CH 2 Fe + 6 A′ (3a)/cyclic (H 2 Si-CH 2 )-Fe + 4 A′′ (4b) and the methyl structure FeHSi-CH 3 + 6 A′′ (5b) and FeHSi-CH 3 + 4 A′′ (6b) isomers are predicted here to be the most stable FeSiCH 4 + isomers. 36 These are therefore the most likely candidates for the two distinguishable FeSiCH 4 + species observed in the gasphase mass-spectrometric experiments. 4, 5 This conclusion is strongly supported by the computed barriers (42-50 kcal/mol) separating the relevant pairs of the FeSiCH 4 + isomers. The magnitude of the barriers is consistent with the experimental estimate. On the quartet surface the net isomerization barrier (relative to separated reactants) is zero, whereas there is a net 7.2 kcal/mol barrier on the higher energy sextet surface. This suggests that the reaction dynamics, especially as it relates to the efficiency of intramolecular vibrational energy transfer into the isomerization coordinate, plays an important role in the observation that the two isomers do not interconvert at thermal energies.
